The secretion of insulin and glucagon from the pancreas and the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) from the gastrointestinal tract is essential for glucose homeostasis. Several novel treatment strategies for type 2 diabetes (T2D) mimic GLP-1 actions or inhibit incretin degradation (DPP4 inhibitors), but none is thus far aimed at increasing the secretion of endogenous incretins. In order to identify new potential therapeutic targets for treatment of T2D, we performed a meta-analysis of a GWAS and an exome-wide association study of circulating insulin, glucagon, GIP, and GLP-1 concentrations measured during an oral glucose tolerance test in up to 7,828 individuals. We identified 6 genome-wide significant functional loci associated with plasma incretin concentrations in or near the SLC5A1 (encoding SGLT1), GIPR, ABO, GLP2R, F13A1, and HOXD1 genes and studied the effect of these variants on mRNA expression in pancreatic islet and on metabolic phenotypes. Immunohistochemistry showed expression of GIPR, ABO, and HOXD1 in human enteroendocrine cells and expression of ABO in pancreatic islets, supporting a role in hormone secretion. This study thus provides candidate genes and insight into mechanisms by which secretion and breakdown of GIP and GLP-1 are regulated.
Introduction
The hormones secreted in response to nutrient intake are essential for maintaining glucose homeostasis and development of diabetes. Insulin secreted from pancreatic β cells in response to elevated blood glucose acts on peripheral tissues to increase glucose uptake, while glucagon secreted from α cells counteracts low glucose levels by promoting gluconeogenesis and glycogenolysis in the liver (1) .
The two incretin hormones, glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-1 (GLP-1), are released into the circulation by intestinal enteroendocrine cells (K and L cells, respectively) in response to nutrient stimulation and act on β cells to increase insulin secretion. In addition to their insulinotropic activity both hormones exert a number of other functions, such as promotion of energy storage and bone formation. GIP acts via the GIP receptor (GIPR), which is expressed in numerous tissues, including pancreatic islets, fat, bone, and vascular endothelial cells. GLP-1 acts via the GLP-1 receptor and affects biological functions such as regulation of food intake, stimulation of insulin synthesis, inhibition of glucagon secretion, and gastric emptying (2) .
Several therapeutic agents for treatment of type 2 diabetes (T2D) act by increasing GLP-1 action, i.e., GLP-1 receptor agonists or GLP-1 analogs and inhibitors of the dipeptidyl peptidase-4 (DPP4) enzyme, which inactivates both GIP and GLP-1 within minutes after their secretion (3) . Furthermore, long-term weight loss, improved glucose tolerance, and remission of T2D following bariatric surgery are suggested to involve an exaggerated GLP-1 response (4) .
Numerous GWAS have identified genetic variants that affect plasma concentration of insulin (5-8), but such information is lacking for glucagon, GLP-1, and GIP concentrations.
The secretion of insulin and glucagon from the pancreas and the incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP) from the gastrointestinal tract is essential for glucose homeostasis. Several novel treatment strategies for type 2 diabetes (T2D) mimic GLP-1 actions or inhibit incretin degradation (DPP4 inhibitors), but none is thus far aimed at increasing the secretion of endogenous incretins. In order to identify new potential therapeutic targets for treatment of T2D, we performed a meta-analysis of a GWAS and an exome-wide association study of circulating insulin, glucagon, GIP, and GLP-1 concentrations measured during an oral glucose tolerance test in up to 7,828 individuals. We identified 6 genome-wide significant functional loci associated with plasma incretin concentrations in or near the SLC5A1 (encoding SGLT1), GIPR, ABO, GLP2R, F13A1, and HOXD1 genes and studied the effect of these variants on mRNA expression in pancreatic islet and on metabolic phenotypes. Immunohistochemistry showed expression of GIPR, ABO, and HOXD1 in human enteroendocrine cells and expression of ABO in pancreatic islets, supporting a role in hormone secretion. This study thus provides candidate genes and insight into mechanisms by which secretion and breakdown of GIP and GLP-1 are regulated.
To identify potential novel targets to therapeutically manipulate circulating levels of these hormones we performed a GWAS of circulating plasma levels of glucagon, GIP, and GLP-1 as well as insulin (as positive control), measured during an oral glucose tolerance test (OGTT) and meta-analyzed with data from an exome-wide study of the same phenotypes in an independent cohort. Thereby, we identified 6 loci associated with incretin levels at genome-wide significance in or near the solute carrier family 5 member 1 (SLC5A1), gastric inhibitory polypeptide receptor (GIPR), ABO blood group (ABO), glucagon-like peptide 2 receptor (GLP2R), coagulation factor XIII A chain (F13A1), and homeobox D1 (HOXD1) genes.
Results
We performed a GWAS of circulating levels of insulin, glucagon, GIP, and GLP-1 measured at 0 and 2 hours of an OGTT (plus 30 minutes for insulin) in a Swedish population-based cohort of 3,344 individuals (Malmö Diet and Cancer study [MDC] ) genotyped using the Illumina Infinium OmniExpressExome v1.0 B array. The results were meta-analyzed with data from 4,905 Finnish individuals from the Prevalence, Prediction and Prevention of Diabetes Botnia study (PPP-Botnia) genotyped with the Illumina Infinium Exome v1.0 Beadchip. After quality control (QC), 81,396 exome SNPs were present in analysis of both cohorts. Manhattan and QQ plots are presented in Supplemental Figures 1 and 2 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.93306DS1). The significant associations were used to examine other potential phenotypic associations and the effect on gene expression in target tissues.
Heritability of circulating hormone concentrations. The "narrow-sense heritability" of hormone concentrations during OGTT, estimated as total variance explained by the genotyped SNPs, i.e., the proportion of variation in the phenotype that can be attributed to effects of the genotyped SNPs, was calculated in the MDC cohort using Genome-Wide Complex Trait Analysis (GCTA) (9) . The heritability of insulin ranged from 11% for fasting to 23% for circulating insulin at 30 minutes of the OTGG (30-minute insulin). Fasting GIP, 2-hour GIP, and 2-hour GLP-1 showed heritabilities of approximately 15%, and fasting glucagon showed a heritability of around 20% (Supplemental Table 1 ). Only the heritabilities of 30-minute insulin and fasting glucagon were significantly higher than 0.
Genetic variants associated with insulin concentration. As several studies have reported genetic variants associated with insulin concentrations in nondiabetic individuals, we searched for similar associations in our cohorts as positive controls. The strongest association with fasting insulin was seen for the rs2943641 SNP (P = 2.4 × 10 -7 ) near the insulin receptor substrate 1 (IRS1) gene that has previously been shown to be associated with T2D and insulin resistance (10) . This locus was also most strongly associated with 2-hour insulin (P = 1.35 × 10 -5 ). As previously reported (5), variants in GIPR were associated with reduced insulin concentration at 30 minutes of an OGTT by 8% per allele (Table 1 and Supplemental Figure 3A) . The second strongest association was seen for rs5015480 (P = 4.9 × 10 -7 ) in a previously reported T2D locus near the hematopoietically expressed homeobox (HHEX) gene (11) . SNPs at least suggestively associated (P < 10 -5 ) with insulin are presented in Supplemental Table 2 . Genetic variants associated with glucagon concentrations. The strongest association of fasting glucagon concentrations was seen for an intronic SNP, rs7102710, in the gene encoding spondin 1 (SPON1, P = 8.2 × 10 -7
). The SPON1 gene was observed to be highly expressed in pancreatic islets from 191 human cadaver donors (mRNA higher than 73.3% of all genes), and the expression correlated positively with hemoglobin A1c (HbA1c) levels (n = 116, r 2 = 0.13, P = 5.2 × 10 -5
). However, rs7102710 was not an expression QTL (eQTL) for any gene within 1 Mb (P > 0.01) in the pancreatic islets. All SNPs significantly or suggestively associated (P < 10 -5 ) with glucagon levels are presented in Supplemental Table 2 .
Genetic variants associated with GLP-1 concentration. We observed a strong association with GLP-1 concentration after OGTT for 2 missense variants in SLC5A1: rs17683011 (Asn51Ser, P = 4.2 × 10 ). SLC5A1 encodes the sodium-dependent glucose transporter 1 (SGLT1), the main mediator Partially overlapping association data for the GIPR locus has been published previously (5, 19) .
A Ln-transformed before analysis. EA, effect allele; NEA, noneffect allele; EAF, effect allele frequency; SE, standard error of the β coefficient; GLP2R, glucagon-like peptide 2 receptor; GIP, glucose-dependent insulinotropic peptide; GIPR, GIP receptor.
of glucose uptake in the gut, which has been shown to be expressed in the apical membrane of both K and L cells and to be essential for incretin secretion in both humans and animal models (12) (13) (14) (15) (16) . All genome-wide significant associations are presented in Table 1 and Supplemental Figure 3 .
Genetic variants associated with GIP concentrations. Two independent loci were significantly associated with fasting GIP concentration: GIPR and GLP2R (Table 1 ). All SNPs at least suggestively associated (P < 10 -5 ) with GIP and GLP-1 are presented in Supplemental Table 3 . GIPR. The minor alleles of rs1800437 and rs2287019 (P = 4.0 × 10 -11 ) in the GIPR locus were associated with lower fasting (P = 4.1 × 10 -15 ) and 2-hour (P = 1.6 × 10 -17 ) GIP concentrations. The rs1800437 SNP is in strong LD (r 2 = 0.94, D′ = 1) with the rs10423928 variant that has previously been associated with GIP concentrations in the PPP-Botnia cohorts as well as with several diabetes-related phenotypes, including insulin secretion, BMI, and expression of GIPR mRNA in islets (5, (17) (18) (19) . The rs1800437 and rs2287019 variants are also in relatively strong linkage equilibrium (r 2 = 0.7, D′ = 1) with each other. Analysis conditioned on rs1800437 showed no independent association for rs2287019 (P = 0.8), suggesting that they represent the same locus. The minor C allele of rs1800437 was also nominally associated with increased fasting (P = 5.3 × 10 -3 ) but not 2-hour GLP-1 ( Table 2 ). In accordance with previous publications, the same allele was associated with decreased fasting insulin (P = 0.015), 30-minute insulin secretion (P = 1.4 × 10 -13 ), 2-hour insulin concentrations (P = 0.011), BMI (P = 6.0 × 10 -7 ), and increased 2-hour glucose levels (P = 0.011, Table 2 ) (5, 17). However, in contrast to previously published results, the locus was not an eQTL for the GIPR gene (Supplemental Table 4 and Supplemental Figure 4 ). We also analyzed GIPR expression in K and L cells by immunohistochemical staining of human colon and jejunum specimens and observed that the GIPR was expressed in subsets of both K and L cells (Figure 1) .
Table 2. Association between genome-wide loci and other metabolic phenotypes in meta-analysis of MDC and PPP-Botnia
GLP2R. The second locus associated with fasting GIP was rs17681684 (P = 1.4 × 10 -9
) in GLP2R, which encodes the GLP-2 receptor. rs17681684 was associated with GIP specifically in the fasting state where each A allele associated with 5.5% increased GIP levels. No association with 2-hour GIP could be detected. The same SNP was nominally associated with decreased 2-hour levels of GLP-1 (P = 5 × 10 -4 ), each allele reducing the serum concentration by 3.4%, whereas no effect on fasting levels was found (Table 2 ). This genetic variant causes an amino acid change from an aspartic acid to asparagine (Asp470Asn), but it is not known if this has a functional effect. The amino acid substitution was predicted to be benign (risk score = 0) by the Polyphen-2 database (20) . Because the variant was also nominally associated with decreased glucagon concentrations (P = 0.04), we examined GLP2R mRNA expression in human pancreatic islets from cadaver donors. We found no significant association with GLP2R mRNA expression (P = 0.05) in human pancreatic islets (Supplemental Table 4 and Supplemental Figure 4) , and no effect on in vitro insulin secretion (n = 197) measured as stimulatory index or glucagon secretion was detectable.
The rs17681684 SNP was also nominally associated with fasting glucose (P = 0.03), and in the DIA-GRAM database (21) , including more than 60,000 individuals, the same allele was associated with increased risk of T2D (P = 8.2 × 10 -4 ). Together, the identified variants in the GIPR and GLP2R loci explained 1.2 % of the fasting GIP variation.
In addition to the GIPR locus, we found 4 loci significantly associated with GIP after OGTT ( Table 1) . SLC5A1. The SLC5A1 locus was also associated with 2-hour GIP. Each G allele of rs17683011 associated with 12.2% increased 2-hour GIP levels, and, concomitantly, the corrected insulin response (CIR) was increased by 10.0% (P = 0.002). Fasting glucose was slightly lower among the G allele carriers of rs17683011 (P = 0.03), but no significant association with risk of T2D was detected in either of our cohorts or in the DIAGRAM database (OR = 0.95, P = 0.12). Neither did we observe any significant association with BMI in our cohorts or in the GIANT meta-analysis (P = 0.46) (22) .
The G allele of rs17683011 also associated with 3.5% increased 2-hour glucagon concentration (P = 7.3 × 10 -5 ). SLC5A1 mRNA was found to be expressed in pancreatic islets from human donors, where its expression correlated with expression of the glucagon (GCG) gene (r 2 = 0.31, P = 2 × 10 -17
). This supports previous studies showing expression of SLC5A1 in α cells (23) . In islets, SLC5A1 expression was significantly higher in carriers of the minor G allele (P = 3.1 × 10 -6 , Supplemental Table 4 and Supplemental Figure  4 ), but the locus was not associated with expression of the GCG gene (P = 0.55). We did not observe any significant association with glucagon secretion in human islets in vitro (P = 0.8); however, this could be due to lack of power, given the limited number of individuals included in the analysis (n = 95).
ABO. Four SNPs in strong LD (r 2 = 0.95-1, D′ = 1), near the ABO gene, were associated with both fasting (P = 6.5 × 10 ) GIP concentration but not with GLP-1. The same locus has previously been associated with numerous phenotypes, including fasting glucose (24) , soluble E-selectin (25), ICAM-1 (26), and P-selectin (26) . The associated SNPs are in low-to-moderate LD with SNPs in ABO that determine blood group (r 2 = 0.01--0.51, D′ = 0.19-1). Previous studies have shown that the associated SNPs are proxies for the ABO*A101 allele responsible for blood group A1. We estimated the ABO alleles of individuals in the MDC cohort using haplotypes formed of 3 ABO SNPs: rs8176749, rs8176704, and rs687289 (26) . The estimated ABO allele frequencies corresponded well with their expected frequencies ( Table 3 ). The overall P value for the association with 2-hour GIP was 5.1 × 10 -8 , but after conditioning on rs635634, or the A1-haplotype, no remaining association was detected (P > 0.8) (Supplemental Table 5 ). This was further confirmed in the PPP-Botnia cohort (Supplemental Table 6 ) and meta-analysis (Table 3) . Immunohistochemistry showed that the ABO protein is expressed in K cells and L cells (Figure 2A) .
The ABO locus was also associated with reduced insulin concentrations at 30 minutes (P = 5.7 × 10 -4 ) and with increased fasting glucose (P = 0.038) and 2-hour glucose (P = 0.0014). In the MDC cohort, the variant associated with increased risk of T2D incidence during a follow-up period of 20-23 years (HR 1.16; CI 95% 1.01-1.31; P = 0.04). In pancreatic islets, rs507666 was strongly associated with ABO mRNA expression (P = 1.0 × 10 -7 , Supplemental Table 4 and Supplemental Figure 4 ), but this was mainly due to lower expression among individuals with the blood group O, and the association was no longer significant after exclusion of these rs687289 homozygous individuals. Immunohistochemistry in human pancreatic islets confirmed expression of ABO protein in β cells ( Figure 2B ), but we found no association with glucose-stimulated insulin secretion (stimulatory index) in vitro (P = 0.8), in islets from 214 human cadaver donors, suggesting that the association with 30-minute insulin could be secondary to the effect on GIP secretion.
The ABO locus was also associated with increased BMI (P = 0.005). The same nominal association has been reported by the CHARGE consortium (24) , and, in accordance with findings from this consortium, the association with BMI was primarily seen in females (P = 0.013). The ABO locus has previously been associated with cholesterol uptake and LDL cholesterol concentrations (27) . In addition, individuals with blood group A express lower levels of intestinal alkaline phosphatase, which has been shown to affect body weight in interaction with high-fat diet in mice (28) . We therefore explored whether a similar interactions between the locus and dietary habits would be seen in humans. Interestingly, we observed an interaction between rs635634 and fat intake (P interaction = 0.001), especially saturated fat (P interaction = 0.0002) and monounsaturated fat (P interaction = 0.004), on BMI (Supplemental Table 7 ). The positive association between the minor allele of rs635634 and BMI was mainly observed with higher intakes of fat, while it was associated with lower BMI in the tertile with the lowest intake of saturated (P = 0.003) and monosaturated fat (P = 0.02) (Supplemental Table 8 ). Interestingly, a nominally significant association with cholesterol intake was also observed (P = 0.02).
F13A1. The T allele of the rs927332 variant was suggestively associated with increased fasting GIP (P = 2.5 × 10 -5 ) and significantly associated with increased 2-hour GIP (P = 4.1 × 10 -8 ) (Table 1) but was not associated with GLP-1. The associated SNP is an eQTL (P = 1.6 × 10 -6 ) for F13A1 in tibial arteries according to the GTEx database (29) , indicating that the locus has a functional effect on this gene and, thus, suggesting that this could be the gene responsible for the effect. However, immunohistochemical staining showed no specific expression of F13A1 in the intestinal epithelium. Likewise, we did not observe any associated effect on insulin or glucose concentrations at any time point (Table 2) or any association with risk of T2D.
HOXD1. Finally, a rare C allele of rs150112597 (minor allele frequency = 0.005) was found to be associated with 28% reduced 2-hour GIP concentration (P = 1.6 × 10 -8 ). The same C allele was nominally associated with fasting GIP (P = 0.02), decreased 2-hour glucose (P = 0.002), and BMI (P = 0.034). Because of the low frequency, results for this SNP are not reported in the published large meta-analyses of T2D or diabetes-related variables. Immunohistochemical staining of human intestine showed expression of HOXD1 in GIP-expressing K cells in the jejunum, thus providing some further support for the association (Figure 3) .
Together, the 5 loci associated with 2-hour GIP explained 2.6% of the 2-hour GIP variation.
Association of variants in known T2D loci with hormone concentrations during OGTT.
Finally, we did an exploratory analysis of known T2D loci (Supplemental Table 9 ) (30) to see if we could find evidence that they were associated with glucagon, GIP, and GLP-1 concentrations in our GWAS. Several of these T2D-associated loci showed nominal associations with GIP, GLP-1, and glucagon concentrations, but only the GIPR locus was significant after correction for multiple testing (Supplemental Tables 10-12 ).
Discussion
With the goal to identify new mechanisms for regulation of hormone secretion in response to oral glucose and thereby potential new drug targets, we identified 5 loci that were associated with circulating insulin, glucagon, and incretin levels at fasting and 2 hours of OGTT.
Blood concentration of incretins is highest at 30-60 minutes after glucose stimulation but remains high until approximately 2 hours, at which time it starts to decline; after approximately 4 hours, it is back to fasting levels (31). The 2-hour concentrations thus depend on both secretion and clearance, and no definite conclusions can therefore be made about which of these processes is affected by the identified loci. It should also be noted that the pancreas and liver are exposed to portal venous concentrations of incretins and that first-pass clearance could alter the peripheral levels of these hormones.
The heritability/familiality of incretin secretion during OGTT has previously been estimated to be in the 50%-75% range (31, 32) , which is markedly higher than the heritability estimates obtained in this study. This difference is most likely a consequence of the GCTA method, which only estimates the proportion of variance explained by additive contributions from the genotyped SNPs, not the total heritability. However, the accuracy of the method has also been questioned due to the underlying assumption that may not always be true (33, 34) . Given this, and the large confidence intervals, the results should be interpreted with caution.
Identifying genes underlying an association is an inherent problem of GWAS studies, and we can therefore not claim that the genes linked to the loci are really causal. Four of the associated loci are coding nonsynonymous SNPs; GIPR, SLC5A1, and GLP2R are very strong candidates based on their known function, but other genes and/or genetic variants in LD could still be involved in mediating the effect of the identified loci. SGLT1, the glucose and galactose transporter encoded by SLC5A1, is expressed in the apical cell domain of L and K cells (12) , and studies in both rodents and humans have shown that SGLT1 is pivotal for intestinal glucose absorption and glucose-dependent incretin secretion (12) (13) (14) (15) (16) . In this study, we show that common genetic variants in the SGLT1 transporter gene have a significant effect on both GIP and GLP-1 secretion in humans and as a consequence on insulin response. Interestingly, the same variants are associated with increased glucagon secretion. While this could be an effect on the α cell, both the increased incretin secretion and the increased mRNA expression in pancreatic islets suggest that the genetic variation is involved in increased glucose transport, which would be expected to reduce glucagon secretion. Inclusion of insulin and glucose measures in the regression model did not attenuate the association (β = 0.036 ± 0.0092, P = 9.0 × 10 -5 adjusted, β = 0.035 ± 0.0089, P = 7.3 × 10 -5 unadjusted), showing that the increase in glucagon secretion was not secondary to increased insulin secretion. Notably, other variants that associated with increased GIP concentrations did not associate with glucagon concentrations, suggesting that this effect is unique to SGLT1. One possibility is that the variants affect extrapancreatic glucagon secretion, since recent data demonstrate that, at least in pancreatectomized individuals, glucagon is secreted from extrapancreatic sources in response to oral glucose stimulation, the L cells being the likely source (35) .
The minor allele of the rs635634-tagged locus near ABO has previously been associated with fasting glucose levels in a GWAS meta-analysis of >60.000 individuals (24) . Weak nominal associations with increased fasting insulin (P = 0.02) and risk of T2D (P = 0.01) have also been reported (24) . In support of this, we observed an association with increased fasting and 2-hour glucose as well as decreased 30-minute insulin secretion and increased risk of T2D. Given the much stronger association seen with GIP concentration, and lack of detectable effect on in vitro glucose-stimulated insulin secretion, it is likely that the association with insulin and glucose-related traits is secondary to the effect on GIP secretion. We could also replicate the reported nominal association with BMI, including the gender specificity of the effect. This is more difficult to explain by an effect on GIP, as the ABO SNP was associated with increased BMI, whereas lower BMI would be the expected effect of decreased GIP concentrations (36) .
The ABO locus has been associated with a large number of phenotypes (106 phenotypes in GWAS Central; http://www.gwascentral.org/phenotypes) including soluble ICAM-1, soluble E-selectin, and soluble P-selectin as well as circulating phytosterols, LDL, and cardiovascular disease (25, 26, 37) . However, the mechanisms underlying these associations have not been explored. The ABO gene encodes the glycosyl transferase that adds the A and B antigenic determinants to the surface of erythrocytes. The most common allele of the gene is the O allele that has a frame-shift variant, resulting in a nonfunctional protein. The product of the B allele adds a galactose while the A allele enzyme adds an N-acetylgalactosamine to the outer galactose residue of the H-antigen. A1 and A2 mostly produce the same antigen, but the transferase activity of the A1 protein is 38-fold higher than that of A2, resulting in a much higher cell surface density of A antigen in A1 (38, 39) . Since O-linked glycosylation is essential to the function of many proteins, it could theoretically affect GIP levels through a number of mechanisms. However, the region also contains other interesting genes that could mediate the effect, including the carboxyl ester lipase (CEL) gene, which is involved in lipid and cholesterol uptake (40) .
The ABO locus has consistently been associated with LDL cholesterol levels. The fact that it is also associated with phytosterol levels suggests that this association can be caused by an increased uptake of dietary cholesterol or a decreased excretion of cholesterol from the liver. Interestingly, we found an interaction on BMI between the genotype and intake of saturated fat, a strong marker of dietary and plasma cholesterol, after adjustment for total caloric consumption. In the tertile with the lowest consumption of saturated fat, the ABO locus was associated with lower BMI and the group with the highest intake had an opposite tendency. Whether this really means that people with different blood groups could benefit from different diets needs to be examined. Of note, blood group A expresses lower levels of intestinal alkaline phosphatase, which has been shown to affect body weight in interaction with high-fat diet in mice (28) . While this interaction is novel and interesting, it requires replication in larger cohorts with comprehensive dietary data.
The rare C allele of HOXD1 replaces glycine for arginine at position 218 of the HOXD1 protein, a sequence-specific transcription factor involved in the differentiation of endothelium (41) and limb development (42) . While HOXD1 has no know function in incretin biology, it is highly expressed in the small intestine according to the GTEx database (29) . In addition, we found expression of HOXD1 protein in K and L cells. The question remains of whether HOXD1 might affect differentiation of the gut and the enteroendocrine cells.
GLP-2 is cosecreted with GLP-1 from L cells and has a multitude of functions in the gastrointestinal system, including stimulation of mucosal growth, glucose transport and glucose transporter 2 expression, inhibition of gastric emptying and gastric acid secretion, and stimulation of intestinal blood flow (43) . The GLP-2 receptor is expressed in both the small and large intestine and has been reported in subsets of human enteroendocrine cells (44) , but the exact cellular location remains controversial due to low specificity of available antibodies. In rat jejunum, expression is mainly seen in enteric neurons and in subepithelial myofibroblasts (45, 46) . GLP-2 has been shown to stimulate pancreatic glucagon secretion, which is also supported here by the observed expression difference and effect on fasting glucagon levels (47) . However, this could also be an extrapancreatic effect due to the inhibitory effect of the locus on secretion from the L cells.
While several novel treatment strategies for T2D mimic GLP-1 actions (analogs) or inhibit incretin degradation, none is thus far aimed at increasing the secretion of endogenous incretins. This study provides insight into such mechanisms, by which secretion and breakdown of GIP and GLP-1 are regulated.
Methods
Cohorts MDC reinvestigation cohort. MDC is a prospective cohort study in which all men and women born between 1923 and 1950 from the city of Malmö were invited to participate. A total of 30,447 individuals underwent a baseline examination between 1991 and 1996 (48) . From this cohort, a random sample of 6,103 individuals screened between 1991 and 1994 were selected to participate in a study aimed at studying cardiovascular risk factors, the MDC Cardiovascular Cohort (MDC-CC). All individuals from the MDC-CC were invited to participate in a reinvestigation starting in 2007 (49) . Of 6,103 individuals, 3,734 (age 61-85 years) accepted and were reexamined between May 2007 and January 2012 and are included in this study. Individuals with known diabetes (n = 343) were excluded from the OGTT and were thus not included in the analysis of values after OGTT, while individuals diagnosed with diabetes based on the OGTT were included. In total, 527 individuals had T2D. Population characteristics are presented in Supplemental Table 13 . Diet analyses were performed in 4,892 nondiabetic individuals with diet information. No data on hormone concentrations were available in these individuals.
PPP-Botnia cohort. PPP-Botnia is a population-based study in Western Finland started in 2004 to obtain accurate estimates of prevalence and risk factors for T2D, impaired glucose tolerance, impaired fasting glucose, and the metabolic syndrome in the adult population and to use this information for prediction and prevention of the disease (50) . The participants were randomly recruited from the National Finnish Population Registry to represent 6%-7% of the population in the 18-to 75-year age range. Altogether, 5,208 individuals participated in the original study and 3,870 (77%) participated in the follow-up study. The number of individuals with diabetes was 307 at the basal visit and 284 at the follow-up. Population characteristics are presented in Supplemental Table 14 .
Laboratory assays and other measurements
MDC. A 75-g OGTT was performed after an overnight fast in individuals without known diabetes. Blood samples were drawn for analysis of insulin, glucagon, GIP, and GLP-1 concentrations at 0 and 120 minutes. Total plasma GLP-1 concentrations (intact GLP-1 and the metabolite GLP-1 9-36 amide) were determined radioimmunologically using an in-house anti-serum (no. 89390; sensitivity <1 pmol/l) as previously described (51) . Serum GIP was analyzed using the Human GIP Total ELISA kit EZHGIP-54K (EMD Millipore), which has 100% cross reactivity to human GIP(aa 1-42) and GIP(aa 3-42), and range for the assay was 9.3-2,250/10.1-2,450 mg/ml. Plasma glucose was analyzed using the Hemocue Glucose System (HemoCue AB). Serum insulin was assayed with an ELISA kit (K6219, Dako) and had no significant cross reactivity to proinsulin (range 0.5-206 U/l). Glucagon was measured using a radioimmunoassay (GL-32K, EMD Millipore) with less than 2% cross reactivity to oxyntomodulin (range 18.5-400 pg/ml) (52) . For all assays used for hormone measurements, inter-assay variation was <15% and intra-assay variation was <10%. BMI was calculated from direct measurements of weight and height. Dietary habits were measured with a modified diet history method (53) .
PPP-Botnia. A 75-g OGTT was performed after an overnight fast at both at the basal and follow-up visit. Blood samples were drawn at 0, 30, and 120 minutes. Total GIP, 0 and 120 minutes, was measured at the basal visit, whereas GLP-1, 0 and 120 minutes, was measured at follow-up. GLP-1 was measured Data analysis. The raw data were base called and demultiplexed using CASAVA 1.8.2 (Illumina) before alignment to hg19 with STAR. To count the number of reads aligned to specific transcripts featureCounts (http://bioinf.wehi.edu.au/featureCounts/) was used. Raw data were normalized using trimmed mean of M values and transformed using voom (limma R-package) before linear modelling.
Insulin secretion. Glucose-stimulated insulin secretion was assessed in a dynamic perfusion system, Suprafusion 1000 (BRANDEL). Twenty handpicked islets were perfused with low glucose (1.67 mM) for 42 minutes, high glucose (16.7 mM) for 48 minutes, and then low glucose again. Fractions were collected at 6-minute intervals, and the secreted insulin was measured by ELISA (Mercodia). The stimulatory index is defined as the ratio between the areas under the curves that were calculated for the low and high glucose concentrations.
Glucagon secretion. Human islets were handpicked under a stereo microscope. First, 6-8 groups of 12 islets were preincubated in a Krebs-Ringer carbonate buffer containing 1 mM glucose in a CO 2 incubator for 30 minutes. Next, the islets were incubated in Krebs-Ringer buffer containing 1 or 16.7 mM glucose for 60 minutes before an aliquot of the medium was removed for analysis with RIA (Millipore).
Genotyping. Genotyping was performed using the Illumina Infinium OmniExpressExome-8 v1.0B or the Illumina Infinium Exome v1.0 chips. Genotype calling was done with Illumina Genome studio software. All samples passed standard genotype QC metrics: sample call rate >98%, only European ancestry assessed by principal component analysis comparisons with HapMap populations, gender matched, no relatedness, and no genome-wide heterozygosity outliers. SNPs were removed if the SNP call rate <98% and Hardy-Weinberg equilibrium test P < 5.7 × 10 -7
Statistics
Association of SNPs with hormone levels was analyzed using linear regression models and, for prediction of risk of T2D in MDC, using Cox regression models. All analyses were adjusted for sex and age. Phenotypes with nonnormal distributions (GIP, GLP-1, insulin, glucagon, BMI, and CIR) were log transformed before analysis. Individuals who were on antidiabetic medication were excluded. The diet-gene interaction analyses in MDC were additionally adjusted for energy intake. The software PLINK (55) was used for all genome-wide analyses. A P value of less than 5 × 10 -8 was used to claim genome-wide significance. Manhattan and QQ plots are presented in Supplemental Figures 1 and 2 . The GWAMA software (56) was used to perform meta-analysis of the phenotype-SNP association results from PPP-Botnia (exome chip) and MDC reinvestigation (OmniExpress Exome chip). Fixed-effects meta-analysis was performed using estimates of the allelic effect size and standard error. Other statistical analysis was done using IBM SPSS Statistics for Windows v.22 or Stata v. 13.1 (StataCorp).
GTEx analysis release v4 (dbGaP accession phs000424.v4.p1) was used for eQTL lookups (29) . LD was calculated using SNAP v2.2 (57), based on the 1000 Genomes pilot 1 SNP data set.
The heritability estimates of hormone concentrations during OGTT were calculated using GCTA software, which estimates the narrow-sense heritability captured by the genotyped SNPs (9) .
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Author contributions
PA participated in design of the study, analyzed data, and wrote the manuscript. AL and NW performed the immunohistochemistry. EL and JJH were responsible for incretin measurements. UK and EOL generated and analyzed data from human pancreatic islets. OA and RBP analyzed data. ES and MOM analyzed diet interactions. LH, TT, and OM generated data. PMN participated in the design of the study. LG participated in the design and supervision of the study. EA participated in the design and supervision of the study, analyzed data, and wrote the manuscript. All authors critically read and reviewed the manuscript.
